Pairing of homologous chromosomes represents a key aspect of meiosis in nearly all sexually reproducing species. While meiotic pairing requires the formation of double-strand DNA breaks in some organisms, in many others it can proceed in the apparent absence of DNA breakage and recombination. The mechanistic nature of such recombination-independent pairing represents a fundamental question in molecular biology.
nuclei. To preclude the hH1-gfp construct from being inactivated in premeiotic nuclei by repeat-induced point mutation (RIP), crosses were performed in appropriate RIP-deficient genetic backgrounds (16, 17) .
We first analyzed a cross in which meiotic recombination and MSUD remained functional, while only one copy of mei-3::hH1-gfp was present in the diploid nucleus ( Fig. 1B and 1C : mei-3+/Δ, spo11+/+). As expected, no meiotic expression of hH1-GFP was observed. This result was obtained regardless of whether the reporter construct was provided by the female or the male parent. The expression of hH1-GFP in this heterozygous condition could be readily restored by the partial attenuation of MSUD (Fig. 1C : mei-3+/Δ, spo11+/Δ, sad-2+/Δ). This suppression effect was achieved by using a dominant deletion allele of sad-2 (11) . Taken together, these results indicate that the mei-3::hH1-gfp reporter provides a reliable readout of MSUD activity.
We next asked if mei-3::hH1-gfp, when present in only one copy, was detected by MSUD in the complete absence of MEI-3 RAD51 and Spo11. Here we analyzed a spo11Δ/Δ cross in which the reporter construct was matched against a standard mei-3Δ deletion allele produced by the Neurospora Genome Project (18) . We found that the mei-3::hH1-gfp allele was fully silenced in this situation (Fig. 1C : mei-3Δ/Δ, spo11Δ/Δ, "unpaired" hH1-gfp). The expression of hH1-GFP was restored when two identical mei-3::hH1-gfp alleles were provided (Fig. 1C : mei-3Δ/Δ, spo11Δ/Δ, "paired" hH1-gfp). Taken together, these results demonstrate that MSUD remains functional in the absence of MEI-3 RAD51 and Spo11.
While Spo11 is required for normal levels of meiotic pairing in N. crassa (19) , residual Spo11-independent recombination has also been reported (20) . To investigate if such non-canonical recombination could have occurred in our spo11Δ/Δ crosses, we examined the level of linkage between two widely-separated genetic markers, mat a and csr-1Δ, on Chromosome I (Fig. 1D ). Notably, this interval includes the his-3 locus, which was previously shown to exhibit substantial levels of Spo11-independent recombination in crosses between certain Neurospora strains (19, 20) . We used the csr-1Δ marker for the following reasons: (i) only loss-of-function csr-1 alleles can confer resistance to cyclosporin A, (ii) this resistance is recessive, and (iii) csr-1+ remains stable during the sexual phase (17) . Thus, following a csr-1+/Δ cross, partial diploids with two different Chromosomes I (produced by nondisjunction in meiosis I and corresponding to the genotype csr-1+/Δ) can be avoided by germinating spores on cyclosporin-containing medium. Through this approach, we selectively isolated csr-1Δ progeny and performed additional genotyping at the mat locus with a PCRbased assay, which was specifically designed to detect a potential mixture of mat A and mat a DNA (Methods).
We started by examining a mei-3Δ/Δ, spo11Δ/Δ cross that had already been assayed for MSUD ( Fig. 1D ; Supplementary Table 2 : cross "X5"). Analysis of 513 csr-1Δ progeny of this cross failed to identify a single instance of the recombinant genotype mat A, csr-1Δ ( Fig. 1D ). As a control, we also examined the degree of linkage between mat a and csr-1Δ in a mei-3+/Δ, spo11+/Δ cross, in which meiotic recombination was at least partially active ( Fig. 1D , Supplementary Table 2 : cross "X9"). A substantial proportion of recombinant progeny was recovered (26%, Fig. 1D : mei-3+/Δ, spo11+/Δ), demonstrating that our assay was sensitive enough to detect recombination even in this sub-optimal situation (i.e., when both MEI-3 RAD51 and Spo11 were expressed from single "unpaired" mei-3+ and spo11+ alleles, respectively). These results provided additional evidence that MSUD remains functional in the absence of recombination.
In metazoans, a phenomenon known as "meiotic silencing of unsynapsed chromatin" (MSUC) occurs in concert with the trimethylation of histone H3 lysine-9 (H3K9me3) over long unpaired chromosomal regions (21) . Thus, it was important to investigate if H3K9me3 was required for MSUD. In N. crassa, H3K9me3 is mediated by a SUV39 lysine methyltransferase DIM-5 (22) . While Neurospora dim-5Δ strains are largely infertile as females, this defect can be suppressed by the deletion of SET-7, a lysine methyltransferase that mediates trimethylation of histone H3 lysine-27 (H3K27me3) in the context of facultative heterochromatin (23, 24) . To simultaneously test the roles of both H3K9me3 and H3K27me3, we assayed silencing of the mei-3::hH1-gfp reporter in a dim-5Δ/Δ, set-7Δ/ΔΔ/Δ cross. We found that, when mei-3::hH1-gfp was matched against mei-3+, the expression of hH1-GFP in the meiotic nucleus was completely silenced ( Supplementary   Fig. 1 ), suggesting that MSUD is not impeded by the concomitant absence of DIM-5 and SET-7. These results demonstrate that, unlike MSUC in metazoans, MSUD does not require the formation of H3K9me3.
The ability of MSUD to function normally in the absence of MEI-3 RAD51 and Spo11 was surprising. Yet, it is not the first discovery of a general recombination-independent homology-recognition process in N. crassa.
For example, RIP (introduced above) is activated in the haploid nuclei that divide by mitosis several times in preparation for karyogamy and meiosis (16) . The most remarkable feature of RIP is its ability to detect gene-sized DNA repeats largely irrespective of their type (e.g., transposable element, intergenic DNA, or protein-coding gene), origin, transcriptional capacity, or positions in the genome (16) . Our previous work has shown that RIP senses repeats by a mechanism that does not require MEI-3 RAD51 and Spo11 (8) . We also found that RIP can detect instances of weak but periodic homology, in which homologous segments of 3 bp or longer are interspersed with a periodicity of 11 or 12 bp (8). These prior results suggested that RIP recognizes homology directly between intact DNA molecules, by matching them as arrays of interspersed base-pair triplets (8) . Given that MSUD also involves a recombination-independent mechanism, we next asked if this mechanism is capable of sampling interspersed homology.
We started by developing a robust experimental system to dissect the ability of MSUD to recognize weak interspersed homology. We refer to a pattern of interspersed homology as "weak" if it corresponds to an overall sequence identity of 50% or less. We chose to use a Roundspore (Rsp)-based assay as a genetic reporter of MSUD (11) . In this assay, a promoter-less 1370-bp fragment of the Rsp gene, placed at an ectopic position and lacking an allelic copy, triggers MSUD-mediated silencing of the endogenous Rsp+ alleles ( Fig. 2A,B) . As a result, the spore shape is altered from spindle-like to round (11) . This change can be quantified by estimating the fraction of spindle-shaped spores in a relatively large sample of randomly discharged products (Methods). Using the 1370-bp Rsp fragment as a reference sequence (herein referred to Each test sequence was inserted together with a Hygromycin B-resistance marker near his-3 ( Fig. 2A ).
We started by analyzing a set of crosses in which each Ref/Test pair was surrounded by perfect homology We next sought to enhance the sensitivity of our assay. We reasoned that creating a region of non-homology (or random homology) next to the assayed region would improve the ability of MSUD to discriminate between Ref and Test sequences. To this end, the HygR region in the Ref construct was replaced with an unrelated fragment of E. coli genomic DNA of the same length (termed "E. coli spacer DNA" or Ecs).
Indeed, in this new system, the fraction of spindle-shaped spores corresponding to zero homology decreased to 37% ( Fig. 2D: central panel) . Overall, the results of these experiments support several conclusions. First, interspersed homologies with a periodicity of 11 bp and an overall sequence identity as low as 36.4% (i.e., pattern 4H-7Δ/ΔN) are recognized by MSUD as fully homologous (these effects could also be confirmed in the intact asci, Supplementary Fig. 2 ). Second, not every interspersed homology can be recognized in principle (i.e., pattern 2H-1N, 66.7% sequence identity), demonstrating that the overall amount of homology is less important than its arrangement. Third, a triplet of base-pairs constitutes the minimally effective recognition unit. Fourth, not all identical patterns of interspersed homology are recognized with the same efficiency (i.e., patterns 3H-8N vs. 3H-8N_4). Fifth, increasing the periodicity of interspersed homology beyond 22 bp interferes with its recognition by MSUD (i.e., patterns 11H-11N vs. 11H-22N).
As a control, we also examined the ability of our Test sequences to silence the endogenous Rsp+ alleles in crosses lacking the Ref construct (Fig. 2D : right panel). We found that only the Test sequence with perfect homology to Rsp+ (i.e., the Ref sequence itself) was able to trigger MSUD when matched against a deletion (i.e., wildtype DNA), indicating that all other Test sequences are insufficient for Rsp silencing.
Having discovered the ability of MSUD to recognize weak interspersed homology, we next sought to extend this observation at the molecular level by analyzing the expression of MSUD-associated small interfering RNAs (masiRNAs), which are produced during meiosis from regions of allelic non-homology (25, 26) . To this end, we used the above reporter system containing the Ecs/HygR region as an instance of Finally, to confirm that the zero sequence is not a substrate for a small-RNA-generating process unrelated to MSUD, we examined a cross in which two identical zero sequences were present at allelic positions ( Fig.   3B : cross "P5 x P2"). This cross involved the same two zero-carrying strains as above. As expected, very few masiRNAs were produced from the matching zero regions. Taken together, these results show that a recombination-independent homology-directed process can guide the expression of small interfering RNAs.
The availability of many masiRNAs corresponding to the Ecs region (4,818 aligned reads, obtained by the five independent experiments in Fig. 3B ) prompted us to analyze their basic properties in more detail. The Ecs region was particularly interesting because it was taken from a bacterial genome and, therefore, could only support the production of "primary" masiRNAs (as opposed to those originating from degradation of cleaved mRNAs). Consistent with previous reports (25, 26) , the number of masiRNAs expressed in the sense orientation was roughly equal to the number of masiRNAs expressed in the antisense orientation (2,576 and 2,242 reads, respectively; also plotted in Supplementary Fig. 3A ). The size distribution of these masiRNAs also agreed with the previously reported values, with a characteristically skewed peak around 24-25 nt ( Supplementary Fig. 3B: right panel) . This distribution closely approximates the one for "genomewide" small RNAs (24,364,806 aligned reads in total, Supplementary Fig. 3B: left panel) . The apparent similarity between the Esc-derived and the genome-wide pools of small RNAs was further extended to the 5' uridine bias, which could be observed across the entire size range ( Supplementary Fig. 3C ).
In summary, our results reveal the existence of a cardinally new meiotic process by which sequence identity can be evaluated between chromosomes at a base-pair resolution. This process is general with respect to its capacity to detect DNA homology per se, does not require the function of RecA proteins or Spo11, and can efficiently detect the presence of relatively low levels of interspersed homology. The mechanistic nature of how DNA homology is sensed in this situation remains an open question. In principle, recognition may occur directly between intact DNA double helices (8, 27) . In one such model (Fig. 3C ), non-homologous ("unpaired") DNA can be defined by the lack of proper pairing in the context of the transiently paired chromosomal segments. This process would likely require a coordinated action of many additional factors, including Topoisomerase II (27) .
Direct dsDNA-dsDNA pairing is likely impeded by strong pre-existing interactions between DNA and other factors (i.e., histones). Yet this apparent obstacle is not insurmountable. For example, a substantial fraction of histones can be removed by proteolysis in response to DNA damage, presumably to facilitate DNA repair by homologous recombination (28) . Interestingly, significant proteasome-mediated protein turnover takes place on meiotic chromosomes, where it has been implicated as a necessary step in homologous pairing and recombination (29, 30) .
The apparent similarity between MSUD and RIP with respect to the underlying mechanism of homology recognition is intriguing. While RIP occurs in premeiotic haploid nuclei over the course of several days and features an exhaustive genome-wide homology search, MSUD needs to operate on replicated homologous chromosomes within a narrow time interval at the beginning of the first meiotic prophase. Yet MSUD and RIP apparently rely on the same recombination-independent approach to cross-matching DNA sequences, suggesting that the same approach may be involved in a wider range of homology-directed phenomena.
METHODS

Designing reporter DNA sequences
Synthetic DNA sequences were engineered exactly as previously described (8) . The E. coli spacer (Ecs) corresponds to the positions 1637342-1638753 of the E. coli genome (strain DH10B, accession CP000948).
The sequence of hH1-gfp (including the ccg-1 promoter) was taken from pMF280 (31) .
Manipulation of Neurospora strains
Neurospora strains used in this study are listed in Supplementary Table 1 . Vogel's Minimal medium with 1.5% sucrose was used for vegetative growth. Transformations were performed by electroporating linear plasmid DNA into macroconidia as previously described (8) . Annotated sequences of all plasmids created in this study are provided in Supplementary Data File 1. Crosses were performed on Synthetic Crossing (SC) medium with 1.5% sucrose, as previously described (8) . All crosses analyzed in this study are listed in Supplementary Table 2 .
Assaying hH1-GFP expression
The 6-day-old perithecia were fixed in a solution of 100 mM PIPES (pH 6.9), 10 mM EGTA, 5 mM MgSO4 and 4% paraformaldehyde for 20 minutes at room temperature as previously described (32) . Perithecia were subsequently washed and stored in sodium phosphate buffer (80 mM Na2HPO4 + 20 mM NaH2PO4). Asci were dissected in 25% glycerol (on a microscope slide) and transferred into a drop of mounting medium containing 25% glycerol, 10 mg/mL DABCO, 5 µg/mL Hoechst 33342, and 100 mM potassium phosphate buffer at pH 8.7. Cover slips were placed over samples and sealed with a thin layer of nail polish. Slides were stored at -20 o C, if nessesary. A Leica DMBRE compound microscope with a 40x objective and the DFC300 FX camera was used for imaging. Raw images are provided in Supplementary Data File 2.
Assaying recombination
The reporter strain C194.3 (used as female) was crossed with either C50.3 or RNR136.9 ( Supplementary   Table 1 ). Spores were collected from 4-week-old crosses and plated directly on sorbose agar containing cyclosporin A. Genomic DNA was extracted from each spore clone as described previously (8) . The mat genotype was determined by multiplex PCR with a combination of two primer pairs: one pair for mat A (5'-AAGTATCGCCAAAGCTGGTTC-3' and 5'-TCATGGCAAAGTCCAACTTCC-3'), and the other pair for mat a (5'-TCCCGGACTTCACAATAACGA-3' and 5'-GCGCGAAGTTTTCTAGATCCT-3'). One negative control ("no DNA") and two positive controls (genomic DNA of both parental strains) were included in each set of reactions prepared from a common master mix. PCR products were resolved on 1% agarose gels containing ethidium bromide. Gels were scanned using Gel Doc EZ System (Bio-Rad). All raw gel scans are provided in Supplementary Data File 3.
Assaying Roundspore phenotype
The Roundspore phenotype was quantified as described previously (33) . Reporter strains (RAB10.47, RNR95.10.3, or RTH1005.2; Supplementary Table 1 ) were pre-grown on SC media in 60-mm culture plates for 6 days. Macroconidia of each test strain were suspended in sterile water, spore counts were performed with a hemocytometer, and concentrations were adjusted to 1000 conidia/µL. Ascospores were collected from the lids of the crossing plates 21 days after fertilization and phenotyped on a hemocytometer. For each cross, at least 1000 ascospores were analyzed. All experiments were performed and quantified in triplicate.
Preparing and sequencing small RNA libraries
Total RNA was extracted from 6-day-old perithecia with TRI Reagent (Sigma-Aldrich, T9424) and additionally purified with the Plant/Fungi Total RNA Purification Kit (Norgen Biotek, E4913). RNA was determined to have a RIN value of at least 8.0 with a TapeStation 2200 (Agilent Genomics). Total RNA was fractionated on a 15% TBE-Urea gel (ThermoFisher, EC6885BOX) to isolate RNA molecules in the 17-26 nt range. Excised small RNA-containing gel slices were incubated overnight in 0.3 M NaCl at 25 o C while shaking at 650 rpm. Gel fragments were separated from the RNA-containing solution with a 0.22 µm Corning spin column (Sigma-Aldrich, CLS8161). Small RNAs were then precipitated with four volumes of 100% ethanol and isolated by centrifugation at 13000 ×g for 45 minutes at 4 o C. RNA pellets were washed in 80% ethanol before resuspension in nuclease-free water. Purified small RNAs were treated with RNA 5'-polyphosphatase (Lucigen, RP8092H) to remove 5' phosphates. Resultant small RNAs were purified using 1.8 volumes of Agencourt RNAClean XP Beads (Beckman Coulter, NC0068576) and three volumes of isopropanol. The libraries were constructed as previously described (34) , except that purification was performed with Agencourt RNAClean XP Beads. Libraries were quantified using a Qubit Fluorometer High Sensitivity dsDNA assay kit (ThermoFisher, Q32851) and sequenced on an Illumina MiniSeq platform at the 76-nt read length.
Small RNA sequence analysis
Illumina reads in FASTQ format were pre-processed using the FASTX-Toolkit. Retained reads were mapped to the N. crassa genome assembly (accession AABX03000000.3) using Bowtie 2 version 2.3 (without allowing any mismatches in the seed alignment). A custom genome assembly containing a specific combination of the assayed sequences was created for each analyzed condition using Artemis version 16. Table 2 ). The roles of H3K9me3 and H3K27me3 in MSUD are examined using the same approach as in Fig. 1 . The reporter construct is provided by the female parent. Three representative views are shown. The genotype of the cross is indicated on the top and corresponds to the identifier X10 (Supplementary Table 2 ). Fraction Rsp expressed 
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